The cycle life of LiCoO 2 cathodes cycled at a high cutoff voltage can be largely improved by surface modification with ZnO coating. The bright-field transmission electron microscopy ͑TEM͒ images and selected area diffraction patterns of as-coated LiCoO 2 particles reveal the existence of continuous ZnO films with a 10-nm thickness deposited on LiCoO 2 surfaces, indicating a Li-Zn-O phase formed on the surface region. Besides high-voltage cycleability, cycle-life degradation caused by inappropriate conductive carbon can also be moderated by ZnO coating. Furthermore, the rate capability at high current density can also be notably improved. The role ZnO coating played in the charge-discharge process is discussed from the viewpoint of surface chemistry with the aid of data from scanning electron microscopy, TEM, energy-dispersive X-ray, and impedance spectra. Moreover, the correlation between electrochemical performance and surface properties of ZnO-coated Rechargeable Li-ion batteries with high energy density have become the most promising power sources for a variety of portable electronic devices. The overwhelming majority of the present commercialized Li-ion cells use layered structural LiCoO 2 as the cathodes due to its ease of manufacture, good capacity retention, favorable rate capability, and safety. Layered Li x CoO 2 cathode materials are typically charged up to 4.2 V ͑0.5 Ͻ x Ͻ 1͒. However, the discharge capacity corresponding to the cutoff voltage of 4.2 V is around only 140 mAh/g, 1 which is much lower than the theoretical value of 274 mAh/g. To increase the specific reversible capacity, the cells have to be charged above 4.2 V ͑x Ͻ 0.5͒, yet the capacity retention generally deteriorates as the upper cutoff voltage is raised. To improve the electrochemical performance of LiCoO 2 at high charge potential, metal ion-doped cathodes are intensively studied. Substitutions of Al, 2 Mg, Sn, 3 Cu, Mn, Fe, and Zn 4 for Co have been reported to enhance the structural stability during charge and discharge. Nevertheless, capacity fading is still considerable. Chen and Dahn 5 reported that poor cycleability of LiCoO 2 at high voltage is mainly caused by two factors. One is that some chemical species decomposed between 4.2 and 4.5 V, which could be harmful to cycleability on the surface after adsorbing moisture during storage in air. The other is due to side reactions between the cathode and electrolyte, resulting in growth of a high impedance layer on the surface of LiCoO 2 . They discovered that the capacity degradation could be retarded by grinding or heating the LiCoO 2 powders to produce some fresh surfaces.
Rechargeable Li-ion batteries with high energy density have become the most promising power sources for a variety of portable electronic devices. The overwhelming majority of the present commercialized Li-ion cells use layered structural LiCoO 2 as the cathodes due to its ease of manufacture, good capacity retention, favorable rate capability, and safety. Layered Li x CoO 2 cathode materials are typically charged up to 4.2 V ͑0.5 Ͻ x Ͻ 1͒. However, the discharge capacity corresponding to the cutoff voltage of 4.2 V is around only 140 mAh/g, 1 which is much lower than the theoretical value of 274 mAh/g. To increase the specific reversible capacity, the cells have to be charged above 4.2 V ͑x Ͻ 0.5͒, yet the capacity retention generally deteriorates as the upper cutoff voltage is raised. To improve the electrochemical performance of LiCoO 2 at high charge potential, metal ion-doped cathodes are intensively studied. Substitutions of Al, 2 Mg, Sn, 3 Cu, Mn, Fe, and Zn 4 for Co have been reported to enhance the structural stability during charge and discharge. Nevertheless, capacity fading is still considerable. Chen and Dahn 5 reported that poor cycleability of LiCoO 2 at high voltage is mainly caused by two factors. One is that some chemical species decomposed between 4.2 and 4.5 V, which could be harmful to cycleability on the surface after adsorbing moisture during storage in air. The other is due to side reactions between the cathode and electrolyte, resulting in growth of a high impedance layer on the surface of LiCoO 2 . They discovered that the capacity degradation could be retarded by grinding or heating the LiCoO 2 powders to produce some fresh surfaces. 5 However, the method is not practical for cell fabrication in factories. The other way to improve capacity retention at high potential is coating metal oxides on the surfaces of LiCoO 2 particles. Cho et al. first reported that the structural stability of Li x CoO 2 could be improved by coating metal oxides on LiCoO 2 surfaces. The cycling behavior of coated cathodes is much better than that of uncoated ones between 2.75 and 4.4 V. 6 Recently, surface modification of LiCoO 2 by coating ZrO 2 ,  7 Al 2 O 3 ,  8 SnO 2 ,   9 MgO, 10 and other compounds has been widely investigated. 11 Although surface modification is verified to be a good way to enhance cycleability of LiCoO 2 , why the cycleability can be improved is still not yet understood.
In this work, ZnO is revealed to be an appropriate modification compound for LiCoO 2 . The causes of cycleability promotion were discussed from the viewpoint of microstructural evolution before and after cycling. In correlating the morphological differences of bare and coated LiCoO 2 with their impedance spectra, the role ZnO films played during cycling is probed.
Experimental
Surface modification of as-derived LiCoO 2 powders was carried out by a wet chemical method. The LiCoO 2 was prepared by mixing Co 3 O 4 and Li 2 CO 3 through a solid-state reaction. It was confirmed to be Li-rich with Li/Co = 1.02 by inductively coupled plasma ͑ICP͒ analysis. In the process of surface modification, zinc acetate ͓Zn͑CH 3 COO͒ 2 · 2H 2 O, J. T. Baker, 99.6%͔ was first dissolved in the methanol, and then the as-derived LiCoO 2 powders were added into the coating solution and stirred at room temperature for 4 h. The concentration of Zn 2+ in the coating solution was 2 wt % of the LiCoO 2 powders. After coating, the LiCoO 2 powders were decanted and dried at 110°C for 1 day. The as-dried precursors were then calcined at 450°C for 5 h in flowing air. The amount of ZnO deposited on the LiCoO 2 powders was evaluated using an inductively coupled plasma-atomic emission spectrometer ͑ICP-AES, Perkin Elmer, Optima 3000DV, USA͒ and a field-emission electron probe microanalyzer ͑FE-EPMA, JXA-8500F, JEOL, Japan͒.
To recognize the role of the metal oxide on cycleability improvement of the coated LiCoO 2 , the as-derived LiCoO 2 was immersed in methanol without zinc acetate and then the same process described above was followed. The treated LiCoO 2 is thus called re-calcined LiCoO 2 in the following text.
The electrochemical behavior of LiCoO 2 powders was examined by two-electrode test cells consisting of a positive electrode, metallic lithium anode, polypropylene separator, and an electrolyte of 1 M LiPF 6 in ethylene carbonate/diethyl carbonate ͑EC/DEC, 1:1 vol %͒. 12 The positive electrode was prepared by coating the slurry comprised of LiCoO 2 active materials ͑94 wt %͒, conducting agent ͑6 wt %͒, and poly͑vinylidene difluoride͒ ͑PVDF͒ binder ͑2 wt %͒ on an aluminum foil, followed by drying at 130°C for 12 h and roll-pressing. The slurry was ball-milled to improve the homogeneity. To reveal the effects of carbon additives on pristine and modified LiCoO 2 cathodes, two kinds of conducting agent, Super P ͑MMM Co.͒ and a mixture of Lonza KS6 ͑Lonza͒ and acetylene black, were used.
The cycling tests of assembled cells were performed at the rate of 0.1 C ͑18 mA/g͒ for the first cycle and then 0.2 C ͑36 mA/g͒ after the second cycle between 3.0 and 4.5 V. Impedance spectra of as-assembled and fully discharged cells were recorded with a galvanostat ͑AutoLab PGSTAT30, Eco Chemie B.V., Netherlands͒. The voltage perturbation was 10 mV and the frequency range was from 100 kHz to 10 mHz. The as-assembled cells were measured at open-circuit voltage ͑OCV, 2.96 V vs Li/Li + ͒, which was very close to the fully discharged state of the cycled cells ͑3.0 V vs Li/Li + ͒. After 30 cycles, discharged cells were disassembled and the positive electrodes were immediately immersed in acetone for 20 h to remove the organic compounds adsorbed on the LiCoO 2 . Surface mor-phology and microstructure of LiCoO 2 powders before and after cycling were observed using a field-emission scanning electron microscope ͑FESEM, JSM-6500F, JEOL, Japan͒ with a controlled accelerating voltage at 15 kV and a transmission electron microscope ͑TEM, JEM-2010, JEOL, Japan͒ operated at 200 kV.
Results and Discussion
Morphological and surface compositional difference before cycling.-After depositing on the cathode particles, Zn 2+ ions may be oxidized to form ZnO particles or diffused into the LiCoO 2 lattices to develop Li-Co-Zn-O solid solution. Because the nature of the LiCoO 2 surface is critical for its electrochemical performance, the surface composition of coated LiCoO 2 should be confirmed. Figure 1 shows the surface morphology of LiCoO 2 before and after ZnO coating. The pristine LiCoO 2 particles exhibit rather smooth surfaces. After coating, newly produced nanoparticles form on the LiCoO 2 surfaces. These nanoparticles gather on some specific planes rather than uniformly disperse on the surfaces, while planes of other orientations remain smooth and free of nanoparticles.
Quantitative analysis by a newly developed FE-EPMA reveal that the amount of Zn deposited on these smooth and rough surfaces are around 0.9 and 11.9 wt %, respectively. The results indicate that trace amount of ZnO also exists on the smooth surfaces. The specific distribution of ZnO particles is probably due to some residual anions, e.g., CO 3 2− , remaining on specific surfaces of LiCoO 2 particles. These anions attract a large portion of the Zn 2+ cations to deposit on these planes as LiCoO 2 ages in the coating solution. This leads ZnO crystallites to nucleate and grow mostly on these surfaces.
The detailed microstructure of coated LiCoO 2 is observed in TEM images as illustrated in Fig. 1c and d. The selected area diffraction ͑SAD͒ patterns in Fig. 1c exhibit mainly the ring pattern of nanocrystalline ZnO, and the bright-field image indicates that the wettability between ZnO coating and LiCoO 2 substrate is very good. As for the smooth surfaces shown in Fig. 1d , they are covered with a continuous ZnO film, which is about 10 nm in thickness. The SAD pattern on the edge of a smaller LiCoO 2 particle is presented in Fig.  1d , which demonstrates the existence of three phases, LiCoO 2 , ZnO, and Li 6 ZnO 4 , in this area. The appearance of Li 6 ZnO 4 had not been reported in the other ZnO-coated cathodes, such as ZnO-coated LiNi 0.5 Mn 1.5 O 4 . 13 Nevertheless, its existence in the surface region of ZnO-coated LiCoO 2 was confirmed by the diffraction data of singlecrystalline Li 6 ZnO 4 in Untenecker's work.
14 It was verified in this study that there existed something like Li 6 ZnO 4 , other than ZnO, in the ZnO-coated LiCoO 2 . The influence of Li 6 ZnO 4 on the electrochemical behavior of the coated LiCoO 2 and its amount in the coating layer is unclear at the present time, which will be the subject of study of future work.
Besides Electrochemical performance-effect of ZnO coating, conducting agent, and current rate on capacity retention.-It is known that the properties of conductive carbon in positive electrodes can greatly influence their electrochemical performance. 17 In this study, two different carbonaceous materials, Super P ͑carbon black͒ and a mixture of Lonza KS6 ͑graphite͒ and acetylene black, were used to reveal the influences of conductive carbon on the cycleability of pristine and coated LiCoO 2 . Figure 2 shows the discharge capacities of pristine, recalcined, and coated LiCoO 2 as a function of cycle number for 30 cycles. The test cells were cycled at a 0.1 C rate on the first cycle to activate the cathode materials and then at a 0.2 C rate after the second cycle between 3.0 and 4.5 V.
In comparing cycling stability of three positive electrodes using Super P as the conductive carbon as shown in Fig. 2 , it was revealed that capacity fading of the recalcined LiCoO 2 was more rapid than that of the pristine and coated ones. According to Dahn's report, 5 the formation of fresh surfaces without adsorption of the moisturerelated chemical species would significantly improve capacity retention. In this study, the recalcined LiCoO 2 should also exhibit fresh surfaces after aging in methanol and heat-treatment. However, its electrochemical performance was even worse than the pristine LiCoO 2 . In judging the heat-treatment procedure in this work with that in Dahn's report, the major differences were that the recalcined LiCoO 2 powders had been aged in methanol. Compositional changes on the LiCoO 2 surfaces, such as Li-ion dissolution, might occur. To confirm the argument, the pH values of methanol before and after aging were repeatedly measured three times. In the event, the pH value of methanol was 3.3 before adding the LiCoO 2 powders, while it increased to 8.6 after aging the LiCoO 2 powders for 4 h. Consequently, it was verified that Li ions in the LiCoO 2 particles would dissolve into methanol during the aging period, so the capacity fading was deteriorated.
As revealed in Fig. 2 , cycleability of the ZnO-coated LiCoO 2 was much superior to that of the recalcined LiCoO 2 . The result provided strong evidence that the presence of ZnO coating, rather than the heat-treatment process, was the dominant cause for the improvement in capacity retention of ZnO-coated LiCoO 2 . Because ZnO coating was verified to dominate the cycleability improvement of coated LiCoO 2 , the pristine LiCoO 2 was thus the object of modification in this study. The subsequent discussion is focused on the two cathodes.
At a high cutoff voltage, the capacity retention of pristine LiCoO 2 is seriously degraded. Comparing the capacity retention of positive electrodes prepared with different conducting agents, it is discovered that capacity degradation is much more serious in the Super-P derived positive electrode ͑1.50% per cycle͒. Adopting the mixture of KS6 and acetylene black can retard the capacity loss ͑1.07% per cycle͒. Similar results were reported by Hong et al. 17 It is suggested that the lower density of carbon black and fewer carbon-LiCoO 2 contact points leads carbon-black-derived positive electrodes to exhibit more serious fading.
As for ZnO-coated LiCoO 2 , no matter what kind of conducting additives is used, its capacity fading is not appreciable ͑0.26 -0.35% per cycle͒. Furthermore, the effect of conductive carbon on ZnO-coated LiCoO 2 is not evident. As a result, ZnO coating cannot only improve the cycleability of LiCoO 2 at high cutoff voltage, but moderate the influence of conducting agent on electrochemical performance of positive electrodes. This is helpful in improving cell reliability in commercial manufacturing.
The charge/discharge curves at the first cycle are shown in Fig. 3 . In the region 0 Ͻ x Ͻ 0.25 in Li 1−x CoO 2 , the plateau at around 3.9 V was distinct in both charge and discharge curves of ZnOcoated LiCoO 2 , as shown in Fig. 3a . According to the literature, this is attributed to coexistence of two hexagonal phases. 18, 19 In the same region, the discharge plateau of the pristine LiCoO 2 was relatively steeper. The phenomenon was related to its inferior reversibility during cycling. In the region 0.47 Ͻ x Ͻ 0.55, a phase transformation between the hexagonal ͑R3m͒ and the monoclinic phase ͑C2/m͒ occurred in both cathodes. Therefore, ZnO coating would not suppress the phase transformation of LiCoO 2 . A similar phenomenon was also discovered in SiO 2 -and Al 2 O 3 -coated LiCoO 2 .
8,20 Figure 4 shows the cycleability of bare and ZnO-coated LiCoO 2 at higher rate ͑0.5 C͒. After 15 cycles, the discharge capacity of bare LiCoO 2 is 114 mAh g −1 ͑−1.87% per cycle͒ and that of the coated one is 133 mAh −1 ͑−0.85% per cycle͒. Although the capacity of the coated cathode at the 2nd cycle ͑152 mAh g −1 ͒, when the current rate is raised from 0.1 to 0.5 C, is slightly lower than that of the bare one ͑154 mAh g −1 ͒, it is more stable after prolonged cycling.
Morphological and surface compositional analysis after cycling.-As described above, Chen and Dahn 5 testified that when LiPF 6 -based electrolyte is used, the key reason for the capacity loss of LiCoO 2 at high cutoff voltage is impedance growth at LiCoO 2 surfaces, rather than the structural changes during cycling. 5, 21 The impedance growth results from the formation of surface films that covered LiCoO 2 particles. Aurbach clarified that these surface compounds included ROCO 2 Li species, polycarbonates ͑organic films͒, Li 2 CO 3 , LiF, reduction products of the salt anion ͑Li x PF y and Li x POF y species͒, and other fluorine-phosphorous compounds ͑inor-ganic films͒. These surface films would retard the transport of Li ions and raise the impedance.
However, not all the surface compounds are bad for capacity retention. Organic films may protect LiCoO 2 from directly reacting with acidic species in electrolyte, so that dissolution of Co during cycling can be prevented. 21 In this study, the correlation between surface chemistry and electrochemical behavior of the bare and ZnO-coated LiCoO 2 is discussed by exploring the microstructural evolution and variation in impedance spectra before and after cycling. Because the inorganic surface films are harmful to cycleability, the organic films and residual electrolyte were removed by immersing the positive electrodes in pure acetone, so that observation and analysis of inorganic films would be more precise.
The surface images of as-roll-pressed and cycled LiCoO 2 electrodes are shown in Fig. 5 . The conductive carbon is Super P, which exhibits nanosized spherical particles. From Fig. 5a it is observed that before cycling, some LiCoO 2 particles were fractured to flakes by the strong mechanical force of ballmilling. Figure 5b shows morphology of the pristine LiCoO 2 cathode after charge-discharge for 30 cycles between 3.0 and 4.5 V. Even being immersed in acetone for 20 h, almost all the particles are covered with considerable surface films. Qualitative and quantitative analysis by energydispersive X-ray ͑EDX͒ reveals that there is around 7 wt % fluorine residual on the LiCoO 2 particles, while no phosphorous is detected. As a result, these surface films are suggested to be mostly LiF, which is highly resistive to Li-ion migration and may lead to impedance growth.
As to the cycled ZnO-coated LiCoO 2 cathode shown in Fig. 5c , the surfaces are rather smooth and clean after emmerging. EDX analysis results indicate that neither fluorine nor phosphorous exist on the LiCoO 2 surfaces. The spherical particles surrounding LiCoO 2 particles are identified to be carbon with a few fluorine. These results reveal that the formation of LiF on LiCoO 2 during cycling is suppressed by ZnO coating, and hence, impedance growth is limited.
To differentiate the surface properties of pristine and coated LiCoO 2 after cycling more precisely, high-resolution TEM and EDX were employed. Derived microstructural information is presented in Fig. 6 . In comparing the two lower magnification images, it is obvious that the uncoated LiCoO 2 particles exhibit fragmentary edges, as shown in Fig. 6a . However, the morphology of ZnO-coated LiCoO 2 after cycling, illustrated in Fig. 6c , shows distinct and clean surfaces. In fact, because surface films have been separated from LiCoO 2 particles in these specimens, their elemental and structural characterization is more accurate. The EDX results reveal that the surface films shown on the upper part of Fig. 6a consisted of O ͑61.8 wt %͒, F ͑30.5 wt %͒, Co ͑7.0 wt %͒, and P ͑0.7 wt %͒. By the SAD pattern, these surface compounds are confirmed to be polycrystalline.
Although precise composition of the surface films is difficult to derive, the analysis results are in fair agreement with the suggested composition of inorganic surface films reported by Aurbach. 21 Furthermore, the appearance of Co in the surface films implies appreciable dissolution of Co, which leads to appreciable capacity fading. 22 As shown in Fig. 6c , compounds surrounding the ZnOcoated LiCoO 2 surfaces after cycling are spherical and nanosized particles. EDX results reveal that most of these nanoparticles are identified as carbon and are free from dissolved cobalt.
Probing on surface areas of these two cycled LiCoO 2 particles, the high-resolution images shown in Fig. 6b and d clearly demonstrate that after cycling, the pristine LiCoO 2 particles are covered with visible surface films ͑around 13 nm in thickness͒, while these surface compounds are not observed on the ZnO-coated LiCoO 2 particles. Moreover, the ZnO coating layer illustrated in Fig. 1d disappears after cycling. Sun et al. clarified that the cycleability improvement of ZnO-coated LiNi 0.5 Mn 1.5 O 2 at high cutoff voltage is because ZnO can react with HF and suppress the Mn dissolution. 13 There are three evidences in this work: disappearance of ZnO film, no Co content detected outside the LiCoO 2 particles, and improved cycleability of ZnO-coated LiCoO 2 , supporting Sun's suggestion. 13 Impedance spectra before and after cycling.-Impedance spectra ͑Nyquist plots͒ of bare and ZnO-coated LiCoO 2 are shown in Fig. 7 . Before cycling, both plots comprise a high-frequency semicircle followed by the low-frequency data in the form of a large and incomplete circle. According to Aurbach's discussion concerning the electrochemical impedance spectrascopy of LiCoO 2 , 23,24 the highfrequency semicircle in the spectra is attributed to Li-ion migration through surface films, and the low-frequency one reflects chargetransfer resistance. For the as-assembled cells of ZnO-coated LiCoO 2 , the origin of surface films is not the product of side reactions between the electrode and electrolyte. The major sources are the ZnO coating layer and Li-Co-Zn-O compounds in the surface region of LiCoO 2 particles. Comparing the size of the two semicircles before cycling, it is apparent that the impedance of ZnOcoated LiCoO 2 is larger than that of pristine LiCoO 2 .
According to Chen et al., 25 the cell impedance is mainly attributed to cathode impedance, especially the charge-transfer resistance. From comparison between the size of these low-frequency semicircles after charge and discharge for 30 cycles, it is discovered that the ZnO-coated LiCoO 2 exhibits a much smaller radius, corresponding to lower charge-transfer resistance. This result is in good agreement with the surface chemistry of the two cathodes discussed above. After prolonged cycling, uncoated LiCoO 2 particles cannot avoid being covered with passivated films on the surfaces. These surface compounds, especially the inorganic ones, e.g., LiF, obstruct the charge transfer and increase the impedance so that the capacity fading is even worse. As for ZnO-coated LiCoO 2 , a ZnO coating layer can suppress the formation of passivated films. Once the resistance of the coating layer is overcome, the charge-transfer resistance between surface films and LiCoO 2 surfaces is reduced, as shown in Fig. 7b . This is one of the reasons that ZnO coating can improve the capacity retention of LiCoO 2 cathodes.
Conclusions
Electrochemical performance of LiCoO 2 cathodes can be improved by ZnO coating in three aspects. The high-voltage cycleability is effectively enhanced, capacity degradation at high current rate is moderated, and the electrochemical behavior is prevented from the adverse effect of inappropriate conducting additive. Surface compositional and microstructural evolution of LiCoO 2 before and after cycling provide strong evidences that ZnO coating can protect LiCoO 2 particles from being covered with inorganic surface films, LiF, which is highly resistive to Li-ion migration and electronic transfer. Moreover, ZnO coating can effectively retard the cobalt dissolution. The differences between the bare and coated LiCoO 2 cathodes in surface chemistry are also reflected in the impedance spectra. Although the ZnO coating layer is more resistive than the original LiCoO 2 surfaces, the charge-transfer resistance of ZnOcoated LiCoO 2 is much smaller than the bare ones after prolonged cycling. As a result, surface modification with ZnO is beneficial to the cycle life of LiCoO 2 cathodes. 
